Ribonuclease P (RNase P) is a key enzyme in the biosynthesis of tRNA (for reviews, see references 3, 11, and 51). It is an RNA-processing endonuclease that specifically cleaves precursors of tRNA, releasing 5Ј precursor sequences and thereby forming the mature 5Ј ends of the tRNAs. RNase P is involved in processing all species of tRNA and is present in all cells and organelles that carry out tRNA synthesis. It is a particularly interesting enzyme because of its composition; it is a ribonucleoprotein (37). The nature of RNase P has been investigated for a broad diversity of organisms, including representatives of all the phylogenetic domains: Archaea, (eu)Bacteria, and Eucarya (see reference 72 for phylogenetic nomenclature). In the case of the enzyme from Bacteria, RNase P contains a catalytic RNA, or ribozyme (22, 62). The secondary structure of the bacterial RNase P RNA has now been determined, models for its three-dimensional structure have been proposed, and numerous correlations between catalytic function and structure are being discovered. The purpose of this minireview is to provide an overview of RNase P, with emphasis on the structure of the bacterial RNase P RNA and how it varies between different organisms. Any understanding of the function of this unusual type of enzyme will rest on knowledge of its structure and patterns of variation.
The RNase P Reaction
In Bacteria, as exemplified by Escherichia coli or Bacillus subtilis, the RNase P holoenzyme is composed of a large RNA (usually 350 to 400 nucleotides) and a single molecule of a small protein (ca. 120 amino acids in known instances). The bacterial RNase P RNA is clearly the catalyst in the reaction. At high ionic strengths in vitro, all bacterial RNase P RNAs tested, which collectively span the breadth of bacterial diversity, can cleave pre-tRNAs in the absence of the protein moiety. The affinity of the E. coli or B. subtilis RNase P for native pre-tRNAs is the same in the presence or absence of the corresponding RNase P protein (57) , so all of the specific elements required for binding and catalysis must reside in the RNA moiety. In contrast, archaeal and eucaryal RNase P RNA subunits have not yet been found to exhibit catalytic activity after purification to remove proteins (see below). Because of the opportunity to correlate catalytic activity with structure, most experimental attention on RNase P RNA has focused on the bacterial version. Recent technological developments have been critical to progress in this field. With the availability of oligonucleotide-directed mutagenesis and in vitro transcription systems (45) , the design and synthesis of experimental RNase P and substrate RNAs have become relatively simple tasks.
RNase P cleaves precursors of tRNA and a few other small RNAs which probably resemble tRNA, for instance 4.5S RNA in E. coli (52) . Much is known about how the bacterial RNase P interacts with its substrate. Modification-interference (31, 64, 20) and cross-linking experiments (8, 48, 50) have shown directly that RNase P mainly recognizes the mature domain of pre-tRNAs. The enzyme binds to the helix formed by coaxial stacking of the common arm and acceptor stem of the tRNA, which is adjacent to the site of cleavage. Short helices that mimic only the acceptor stem also are effective substrates for the enzyme (44) . Such substrate mimics can sometimes be formed by annealing a short oligonucleotide to a longer RNA (16) ; thus, RNase P potentially is useful as a general nuclease, perhaps even as a tool for gene therapy (2, 18) .
Cations, both monovalent (preferably K ϩ or NH 4 ϩ ) and divalent (preferably Mg 2ϩ ), are of critical importance in the RNase P reaction. Approximately 1 M monovalent cation and 10 mM Mg 2ϩ elicit the maximum catalytic efficiency (k cat /K m ) in the RNA-only reaction. The role of monovalent cations, and possibly the main role of the rather basic RNase P protein, in promoting the activity of the RNase P RNA seems to be in counteracting electrostatic repulsion between RNA phosphates (19, 22) . In the absence of sufficient ionic screening, electronegative repulsion would interfere with formation of the enzyme-substrate complex and possibly distort the superstructure of the ribozyme. The protein probably makes specific stabilizing associations with the RNase P RNA, and possibly with the tRNA substrate. This is indicated by the fact that the protein can globally stabilize the structure of the RNA and thereby suppress the effects of many mutations manifest in the RNA-only reaction (42) . Higher ionic strengths than those which are optimal for the native ribozyme can also suppress such mutants.
Divalent cations can serve as counterions for RNA phosphates, but more importantly, they are required for the reaction mechanism (23, 32, 54, 59, 61) . Multiple Mg 2ϩ ions participate in the reaction (59) . Mg 2ϩ is proposed to promote catalysis in two ways: by activating a water molecule to hydrolyze the susceptible phosphodiester bond in the substrate RNA and by coordinating on phosphate oxygens. The association of Mg 2ϩ with phosphate oxygens would polarize the phosphorus center which is the target of the attacking water and stabilize the developing negative charge on the leaving group. It is imagined that the 3Ј O of the precursor chain is displaced in an S n 2-type nucleophilic reaction, forming the 5Ј phosphate of the mature tRNA domain (23, 59, 60) . This mechanism is supported by kinetic analyses and experiments in which key tRNA residues are substituted with relevant analogs (53, 59) . Of course, all the catalytic players in the reaction must be organized by interactions with structural elements of the RNase P RNA. Therefore, understanding the overall process will require knowledge of the structure of the ribozyme.
Determination of the Bacterial RNase P RNA Secondary Structure
Functional RNAs tend to be compact in structure. Elements of ''secondary'' structure are arranged spatially by interactions of ''tertiary'' structure to achieve a functional display of binding and catalytic features. We define RNA secondary structure as resulting from two or more contiguous, canonical (WatsonCrick) or G ⅐ U base pairs, which are expected to form an A-type helix. Tertiary structure results from other intramolecular interactions, such as lone base pairs, base triples, basebackbone, and backbone-backbone interactions, and from more nebulous organization such as ''stacking'' interactions, in which bases or helices align on one another due to hydrophobic and van der Waals interactions between the purine and pyrimidine bases (73) .
Although crystallography and spectroscopy are now routinely applied to the elucidation of protein structure, these methods have not yet proved very applicable to RNAs larger than tRNA (ca. 80 nt). Instead, the most successful method for determining higher-order structure in large RNAs has been phylogenetic comparative analysis (25) . In this approach, ''homologous'' (i.e., of common ancestry) RNA sequences from different organisms are compared and structure is inferred on the basis of ''covariations'' in the sequences, changes that occur in concert. The most straightforward interpretation of concerted evolutionary change in the identity of particular bases is that they interact with one another in a specific way. Evolutionary change in one base therefore dictates change in the other in order to maintain higher-order structure required for in vivo function. In helical regions, paired bases covary to maintain complementarity. Thus, elements of secondary structure are identified by changes in a sequence collection that preserve the complementarity of putative pairings in any particular sequence. Specific base interactions in tertiary structure also can be detected by comparative analysis. However, changes in tertiary structure tend to be rarer than most compensatory changes in regular helices, so larger sets of sequences are required to detect them. Making comparative analysis of tertiary structure more difficult still, the specificities of bases that engage in tertiary pairs or triplets tend to be less rigid than the canonical complementarities that establish secondary structure.
The determination of the secondary structure of the bacterial RNase P RNA was a challenge because of the substantial sequence and length variation in the molecule from diverse organisms. The first RNase P RNA sequences determined, from E. coli (M1 RNA) (55) and B. subtilis (56) , differ so much from one another that it was initially impossible to align the sequences over most of their lengths. The alignment process, ordering homologous nucleotides, usually in columns in a sequence set, is an essential step in comparative analysis; covariation of bases is meaningful only if the covarying bases are homologs. The alignment of these sequences was resolved by the determination and comparison of additional sequences from organisms of intermediate evolutionary relatedness to E. coli and B. subtilis.
Phylogenetic trees, such as those based on rRNA sequence comparisons, are important resources for the selection of source organisms for comparative sequence studies. In terms of rRNA sequence relatedness, E. coli and B. subtilis are about as different from one another as are any bacteria. These two organisms are, respectively, representatives of the Proteobacteria (''Purple Bacteria and Relatives'') and the ''Gram-Positive Bacteria and Relatives,'' 2 of the approximately 12 main phylogenetic ''kingdoms'' (as proposed by Woese [71] ) of Bacteria defined by rRNA sequence similarities. RNase P RNA sequences from other representatives of proteobacteria and gram-positive bacteria proved to be sufficiently similar within their respective groups that they could be aligned on the basis of conserved sequences. Intragroup variations provided evidence for some elements of secondary structure, but much of each sequence within the groups was invariant and so provided no tests of pairing. However, the invariant sequences within each of the two phylogenetic groups, the slowly evolving sequences, were sufficiently similar between the groups that they could be aligned and additional secondary structure could be detected by covariations (30) . Comparative sequence analysis is an iterative process: as alignment is improved, additional structure is identifiable, which in turn can be useful in revision of the alignment, and so on.
The current secondary structure models for the RNase P RNAs of E. coli and B. subtilis, based on comparisons of about 50 sequences from representatives of the main bacterial kingdoms (5), are shown in Fig. 1 . These and other RNase P RNAs are composed of a collection of base-paired and ''singlestranded'' sequence elements. The paired sequences are expected to form helices, which are sometimes irregular due to the occurrence of bulges or noncanonical pairs. The singlestranded regions probably are tightly engaged in tertiary structural interactions, which as of yet are poorly defined (see below). The general architectural features of the RNase P RNAs, for instance the occurrence of ''tetraloops,'' ''pseudoknots,'' noncanonical covariations, etc., are similar to those seen in the rRNAs, which have been reviewed recently (25, 73) .
The E. coli and B. subtilis RNase P RNAs superficially appear quite different because each RNA contains blocks of sequence, usually helical elements, that have no homologs in the other RNA. These two structures are among the most disparate types of bacterial RNase P RNAs yet encountered. However, both types of RNA contain a core of similar (and homologous) sequence and secondary structure. This core structure is the foundation of all bacterial RNase P RNAs so far examined, which are summarized diagrammatically in Fig.  2 . As with the E. coli and B. subtilis RNAs, the core structure is embellished in different organisms by the insertion of (usually) helical elements, which can differ dramatically in length and sequence. Most types of the RNA are similar in form to that of E. coli. The distribution of helices in the E. coli structure is essentially the same as that seen in the genus Thermotoga, one of the earliest branchings in the phylogeny of Bacteria. This commonality may indicate that the E. coli type of structure is the ancestral form of RNase P RNA. However, some of the variably present regions in these two types of RNA are not necessarily homologs.
The general secondary structure of the bacterial RNase P RNA is essentially determined (26) . There are no remaining unpaired, phylogenetically consistent, dinucleotide complements in the conserved core of the structure model. Of course, considerable paired structure remains to be determined that does not fall into the category of contiguous, Watson-Crick base pairs. The secondary structure model engages 64% of the E. coli nucleotide bases in pairs, a fraction comparable to the extent of pairing in other well-defined secondary structure models of RNAs, such as the small subunit (16S) rRNA (60% of bases paired) or tRNA (55% of bases paired). At the current stage of resolution, nearly every base pair in comparable helices in different RNase P RNAs is ''proven'' by the encounter of two or more instances of the RNA with sequence covariations consistent with the complementarity.
The Phylogenetic Minimum Bacterial RNase P RNA
Much of the length of each native RNase P RNA consists of patches of sequence, usually helical domains, that do not occur in the RNAs of some other organism. Since all bacterial RNase P RNAs are catalytically proficient in the absence of the protein, the variably present sequences may not be required for substrate binding and catalysis. On the other hand, evolutionarily conserved sequences and structures are potentially crucial to catalytic function. It is thus useful to articulate a ''phylogenetic minimum'' structure of the RNA, the minimum collection of nucleotide positions and structural elements present in all known instances of the bacterial RNase P RNA. A phylogenetic minimum structure is expected to embody the most important parts of the ribozyme and thereby provide a framework for experiments directed at its essential functions.
The current phylogenetic minimum structure of the bacterial RNase P RNA, a theoretical construct based on the minimum segment lengths in known sequences (26) , is shown in Fig. 3 . This consensus structure, at 225 nt, is only about half the size of the typical native RNase P RNA. A synthetic version of the minimum structure has not yet been tested for catalytic activity. However, a similar structure, a chimera of E. coli and Bacillus megaterium sequences, cleaves pre-tRNAs with nearly the catalytic efficiency (k cat /K m ) of the native RNAs (68). This synthetic RNase P RNA contains helix P18, not present in the minimum structure shown in Fig. 3 , but helix P18 is now known to be absent from some native RNase P RNAs and not required for catalytic activity (26) .
About 20% of the nucleotides in the current phylogenetic minimum structure are conserved in identity throughout the Bacteria. Only a few of these conserved nucleotides occur in double-helical elements; the evolutionary constraints on such structures are mainly to preserve complementarity. The only helix that contains a substantial number of conserved nucleotides is P4, a central element in the structure model (Fig. 1) . The high degree of sequence conservation in P4 indicates that it has structural constraints beyond helix formation, perhaps involvement in triple-strand or other irregular structure. Although most of the conserved nucleotides in the minimum FIG. 1. Bacterial RNase P RNA secondary structures. Secondary structures of E. coli and B. subtilis RNase P RNAs were determined by phylogenetic comparative analysis as described in the text. The helix nomenclature used is that developed for group I introns (9) as described for use with RNase P RNA (26) . Helices are numbered as they occur 5Ј to 3Ј, preceded by the designation P (paired; e.g., P3 is the third helix encountered from the 5Ј end). The capping loops of particular helices are numbered as the helix with which they are associated, with the prefix L (loop; e.g., L3 is the capping loop of helix P3). Sequences that occur between helices are numbered with the helices that they connect, with the prefix J (joining; e.g., J5/15 is the sequence that links helices P5 and P15 [nucleotides 247 to 249 in the E. coli RNase P RNA]). Base pairings in P4 and P6 are shown as brackets and lines. VOL. 177, 1995 MINIREVIEW 1921 structure are not associated with identified helices, it is likely that they are nevertheless solidly engaged in tertiary structures. This is indicated by their general insensitivity to chemical modifying agents such as kethoxal or dimethyl sulfate, which attack nonpaired bases (36, 39) . A few conserved bases are susceptible to chemical agents in the absence of substrate but are protected in its presence, indicating that they probably interact directly with pre-tRNA. Native RNase P RNAs differ from the phylogenetic minimum structure by their content of extra, hairpin-type helices.
Although not always present and, therefore, unlikely to be essential for binding or catalysis, organism-specific helices can have structural roles. Their deletion from a native RNA typically results in an increased ionic strength requirement for optimal activity and a lower thermal stability than those exhibited by the native RNA (11, 68) . These properties indicate that the deleted helices contribute to the global stability of the native RNA structure. Where there is information available, the stabilizing influence of the phylogenetic group-specific helices can be understood by their service as long-range struts, which are anchored on both ends and presumably buttress the RNA superstructure. One example of such a strut is the compound helix P16/P17. When this structural element is deleted from the E. coli RNase P RNA, the remaining molecule is thermally less stable than the native RNA and its affinity for the substrate is reduced (13) . This destabilization is probably due to the loss of the structural span created by pairing between the terminal loop (L17) of helix P16/P17 and nucleotides 82 to 85, which forms P6 (27) . Another example of a variably present, stabilizing strut is helix P18. The deletion of this helix from the E. coli RNA also results in destabilization of the remaining structure and reduction in its affinity for the substrate, correctable in this case with very high ionic strength (3 M monovalent cation). A recent finding (6) that the loop of helix P18 binds to another helix, P8, accounts for the instability: removal of P18 results in the loss of a structural span between different parts of the molecule.
RNase P RNAs that lack variably present, stabilizing helices presumably compensate in some way for their absence. There is currently no information on the structural nature of such compensations. It might be expected, however, that evolutionary redesign will result in similar local three-dimensional structure, even though markedly different sequences and interactions are involved. One possible example of this is a compensation for the evolutionary loss of helix P6, one of the long-range pairings just discussed. Helix P6 occurs in most RNase P RNAs, including that of E. coli, but not in the RNA from the (phylogenetically defined) low GϩC gram-positive bacteria, for instance B. subtilis (Fig. 1) . The B. subtilis type of RNase P RNA cannot form P6 because it lacks the P16/P17 helix, the loop (L17) of which interacts to form P6. Instead, the B. subtilis type of RNA contains a novel hairpin helix, P5.1, which in three dimension resembles P6 of the E. coli RNA, the ancestral type of the molecule. This is illustrated in Fig. 4 . Analogy with the E. coli type of RNA would suggest that the loop of helix P5.1 docks elsewhere in the B. subtilis RNA to anchor the span. The resistance of bases in that loop to chemical modifying agents is consistent with this speculation (39) .
Simplified, synthetic versions of the native RNase P RNAs have held promise as experimental tools for some studies. Because they are smaller in size than the native RNAs, it seemed possible that they might be useful models in studies with analytical methods for which the native RNAs are too large, for instance spectroscopy or crystallography. Our current understanding of RNase P RNA structure suggests, however, that simplified versions of the molecule inevitably will prove to be intrinsically less stable than the native RNAs, and consequently would not be ideal subjects for most physical studies. Nevertheless, the conceptual simplification of RNase P RNA through comparative analysis provides us with a fairly clear view of the essential structural domains that make up the ribozyme. It may be possible to tease apart some of the workings of RNase P by study of particular structural domains independently from the rest of the molecule.
Association of Function with Structure
Considerable progress has been made in localizing some functions of RNase P within its structure. Cross-linking (1, 8, 24, 48, 50) , footprinting (36, 39, 67) , and binding experiments with mutant RNAs (28, 63) have identified RNase P nucleotides and sequence blocks that possibly interact with the substrate and the RNase P protein. These potentially interacting elements tend to be distributed throughout the conserved core of the secondary structure model but presumably are drawn together by tertiary structure. For instance, an arylazide photoaffinity agent attached to the substrate phosphate in tRNA cross-links to E. coli nucleotides 248 and 330 to 333, indicating that these nucleotides are in the vicinity of, and possibly constitute part of, the active site of the ribozyme (8) . Although separate in the sequence and secondary structure model, these sites of cross-linking must be proximal in three dimensions. Other cross-linking (50) and chemical footprint studies (36, 39) have localized the site in RNase P RNA that binds the CCA sequence which occurs at the 3Ј ends of all tRNAs. It has long been recognized that interaction between RNase P RNA and the CCA of tRNA contributes significantly to their binding (44) . Cross-linking to a photoaffinity agent on the 3Ј end of tRNA localized the binding site of the CCA to the internal loop (J15/16, probably an irregular helix) that joins P15 and P16 in the secondary structure model of the E. coli RNA (50). In the B. subtilis RNA, the 3Ј end of tRNA cross-links to the loop that caps helix P15, proposed in the structure model to be (partially) homologous to the cross-linked region in the E. coli RNA. The patterns of cross-linking of both types of RNase P RNA with tRNAs lacking sequential nucleotides of the CCA sequence orient the CCA parallel to nucleotides 254 to 259 and antiparallel to nucleotides 291 to 295 in the E. coli RNA (50) . Perhaps the CCA sequence forms a triple helix with that substructure of the ribozyme.
RNase P nucleotides in the spatial vicinity of sites that selectively bind divalent cations also are scattered in the secondary structure model. These nucleotides are revealed by the particular sensitivity of their associated phosphodiester bond to divalent cation-catalyzed hydrolysis promoted by Mg 2ϩ , Pb 2ϩ , or other metal ions (10, 32, 74) . The hydrolysis is due to undefined motifs in tertiary structure that bind divalent cations and activate hydrolysis of a phosphodiester bond nearby in space (7) . No relationship between these sites of cleavage and the mechanism of action of RNase P has been established. The sites of cleavage do not necessarily correspond to the sequence elements responsible for binding the hydrolytic divalent cations, and in turn the cation-binding sites do not necessarily correspond to the ones used by RNase P RNA in its mechanism of action. On the practical side, however, the divalent cation-catalyzed cleavage pattern is a sensitive test for the integrity of tertiary structure and so is useful for monitoring the structural consequences of mutations (74) .
Many RNase P RNA mutants have been created and analyzed in vivo and in vitro (e.g., see references 27, 34, 42, 46, and 58). The results of such studies have provided a number of insights into the structure of the RNA, bolstering the comparative studies. However, experimental alterations of bases have not yet been very informative in locating the elements of RNase P that are important in catalysis. Site-directed mutation FIG. 3 . Phylogenetic minimum bacterial consensus RNase P RNA. Helices are labeled as described in the legend to Fig. 1 . Base pairs in P4 are shown as brackets and lines. As described in the text, only the structural elements present in all known bacterial RNase P RNAs are included in the minimum structure. Universally conserved nucleotides are in uppercase letters; those which are at least 80% conserved, but are not invariant, are in lowercase letters. Nucleotides which are not conserved in identity but are present in all sequences are indicated by filled circles; those which are present in at least 80% of sequences, but are absent in at least one, are indicated by open circles. The base pairs indicated by closed and open dots are, respectively, a conserved noncanonical (G ⅐ G or A ⅐ C) interaction and a pairing that is frequently G ⅐ G (e.g., in E. coli) rather than canonical.
VOL. 177, 1995 177, MINIREVIEW 1923 of even universally conserved bases usually results in either no discernible effect on the in vitro phenotype or only a modest effect that can be accounted for in terms of the structural stability of the ribozyme. The involvement of these nucleotides in structure is suggested by the fact that such mutants can generally be suppressed by higher ionic strength than that required for the optimal activity of the native RNA. Mutations affecting the chemistry of the reaction are expected to be independent of ionic strength. Moreover, it seems that no single feature of RNase P RNA is absolutely required for catalysis. Among a collection of mutant B. subtilis RNase P RNAs that had been manipulated to lack part of their sequences it was possible to delete every nucleotide in the RNA without completely abolishing catalytic activity (69) . Although some of the deletion mutants were severely damaged (to yield 10 Ϫ4 to 10 Ϫ6 of their native activity), the general retention of some activity indicates that the elements of RNase P RNA responsible for binding and catalysis are distributed throughout the sequence and act cooperatively. It is possible that the chemistry of RNase P action does not depend on functional groups associated with specific bases. Rather, the identity of particular bases may be important only for the structure of the RNA. The important RNase P elements in the chemical steps of the reaction may be general features, 2Ј-OH and phosphate groups, that bind Mg 2ϩ and manipulate the substrate phosphodiester.
Toward the Three-Dimensional Structure of RNase P RNA
Further study of the function of RNase P will be facilitated by knowledge of its three-dimensional structure. In fact, much of the three-dimensional structure of RNase P RNA is implicit in the secondary structure; with reasonable confidence we can predict that paired sequences form helices with known structure at the atomic level. However, the helical barrels and their interconnecting sequences need to be ordered in space. Several laboratories have attempted the crystallization of this large RNA for diffraction analysis, but no success has been reported. In lieu of other methods for determining the detailed structure of large RNAs, molecular modeling based on available information is being used to develop a global view of the three-dimensional structure of RNase P RNA.
Molecular modeling of RNase P RNA structure has so far relied mainly on the secondary structure model of the RNA and a growing set of distance constraints imposed by photoaffinity cross-linking results (8, 29, 48, 50) . A typical photoagent spans 9 to 12 Å, so cross-linked nucleotides must reside within that distance from one another. Intermolecular cross-links be- tween tRNA and RNase P RNA provide an absolute positioning because the three-dimensional structure of tRNA is known (33) . Intramolecular cross-links from one site to another in the RNase P RNA provide relative positions for the two sites. In the modeling studies, assumptions are made about the stacking orientations of adjacent helices, and the helical barrels and sequences connecting them are positioned to satisfy optimally the combination of the secondary structure features, the confines of the phosphodiester chain, available distance constraints, footprint results, and the avoidance of steric clashes. Balancing all the data is a computer-assisted process, but developing a model with the current, limited data set requires a good deal of speculation about the path of the RNA chain.
Two models for the three-dimensional structure of the E. coli RNase P RNA have been proposed (29, 70) . One of these (29) , based on a molecular mechanics RNA structure refinement protocol, is portrayed in Fig. 5 . A number of phylogenetic-comparative aspects of RNase P are consistent with this model. For instance, the helices (Fig. 5A) and most of the nucleotides (Fig. 5B) that are conserved among all bacterial RNase P RNAs are clustered in the core of the structure model, in the vicinity of the substrate bond in the pre-tRNA. Moreover, regions of the molecule that vary in length among different RNase P RNAs occur on the surface of the model (Fig. 5B) , as is to be expected. Such models inevitably contain inaccuracies at the present stage of development, but they provide an important context for further experimentation.
The RNase P of Archaea and Eucarya
The RNase P holoenzymes from Archaea and Eucarya differ significantly from their bacterial counterparts, and in their gross properties seem to resemble one another more closely than either resembles the bacterial version. This is consistent with the phylogenetic relationships indicated by rRNA and other sequence comparisons, i.e., that Archaea and Eucarya are specific relatives (14) . The archaeal and eucaryal RNase P holoenzymes contain RNA subunits of about the same sizes as the bacterial RNAs, 300 to 400 nucleotides. However, they contain a much larger complement of protein (ca. 50 to 70%) than the bacterial holoenzyme (ca. 10%). None of the protein(s) from the archaeal or eucaryal RNase P holoenzymes has yet been characterized. The RNA moieties of the archaeal and eucaryal holoenzymes are required for catalytic activity, as evidenced by the fact that the enzymes are inactivated by treatment with an RNase. However, the RNAs have not been found to be catalytically active following deproteinization (12, 15, 21, 38, 41, 47) .
RNase P RNAs have been examined from a broad variety of Archaea, including representatives of all the main phylogenetic groups. The proposed secondary structures of the archaeal RNAs, as illustrated by that of Sulfolobus acidocaldarius in Fig.  6 , show less variability throughout the group than is exhibited among the bacterial RNAs. This is consistent with the generally more slowly evolving nature of Archaea (71) . The structural resemblance of the archaeal and bacterial RNase P RNAs is striking, clear testimony to their homology. The archaeal RNAs contain most of the consensus nucleotide identities, structures, and spacing between consensus features that occur in the bacterial phylogenetic minimum structure (above). In the light of such similarity, we find it surprising that the archaeal RNase P RNAs are not catalytically active in the absence of the protein element(s) of the holoenzyme.
Eucaryal types of RNase P holoenzyme or RNA that have been inspected include only limited phylogenetic diversity, from a few animals (e.g., see references 4 and 15) and fungi (yeasts) (e.g., see references 35, 41, and 66). However, the structural characters of the RNAs from animals and fungi differ markedly from one another and from the corresponding archaeal and bacterial RNAs. Indeed, the fungal (Saccaromyces cerevisiae [ Fig. 6] ) and animal types of sequences are so different that they cannot be convincingly aligned over most of their lengths. Despite this extreme variability, a few important, bacterial RNA-like sequence and structural elements are recognizable in the eucaryal RNAs (17, 66) . This homology and the clear resemblance of the archaeal RNA to the bacterial version indicate that the RNA components of the eucaryal and archaeal RNase Ps, although independently inactive, remain intrinsically the catalytic seat of the enzymes. The extreme degeneracy of the eucaryal RNA suggests that the elements required for catalysis by RNase P, even though they are perhaps assisted by proteins, are far simpler than those embodied in the bacterial minimum structure. FIG. 5 . Three-dimensional model of E. coli RNase P RNA with bound pre-tRNA substrate. As described by Harris et al. (29) , the available secondary structure and cross-linking information for RNase P RNA and the known three-dimensional structure of tRNA (33) were merged into a three-dimensional model using a molecular mechanics RNA structure refinement protocol (43) . Sequences including P12 to 14 and P18 (Fig. 1) VOL. 177, 1995 MINIREVIEW
Evolutionary Perspective on RNase P RNA Function
With the possible exception of the ribosome (49), RNase P is the only known example of an RNA that in vivo truly acts as an enzyme in the sense that it reacts with multiple substrates. Other known catalytic RNAs, for instance self-cleaving introns or satellite RNAs, naturally perform only a single intramolecular reaction (62) . Why is the catalytic element of RNase P composed of RNA? Is it a chance remnant of some precellular ''RNA world,'' or is it a consequence of some property of RNA that makes it particularly suitable for the reaction that it carries out? RNase P RNA is certainly an ancient molecule. This is indicated by the homology of the RNA in all organisms, with no evidence for lateral transfer in evolution. The numerous common sequences and structures among the most similar bacterial and archaeal RNAs must also have been present in the ancestor of all life. The ancestral RNase P RNA, like the modern bacterial version, probably would have been catalytically active without any protein moiety, since the ''root'' of the tree of all life seems to have been in the bacterial line of descent (for a review, see reference 14). The venerable nature of RNase P RNA is consistent with, but not evidence for, an RNA world. Regardless of its origin, the uniqueness of RNase P as a ribozyme suggests that some property of RNA makes it advantageous in the RNase P reaction.
Conjecture as to why RNA might be more suitable than protein in the RNase P reaction is probably best directed at its electrostatic properties, which strongly govern all interactions involving RNA and clearly distinguish RNA from protein. One notion (51) is that the highly charged character of RNA surfaces could facilitate the formation of a catalytic pocket with high ionic or water activity. Another idea is that the polyanionic character of RNA could promote the condensation of the multiple Mg 2ϩ ions required for the RNase P mechanism into a small, catalytic pocket. These roles would not seem unique to RNA, however, so there remains an interesting question: why is RNase P composed of RNA? The answer may lend insight into the special qualities of RNA that have made that type of molecule central to the origin and evolution of life.
